Introduction
A century and a half after Darwin, scientists have established that life's diversity was generated by the gradual splitting of populations and their subsequent divergence in structure, physiology, behavior and other characteristics. Yet, even experts find this process hard to envision because it proceeds on many fronts and through complicated sequences of events that are difficult to reconstruct in detail. Thus, we find ourselves with many endpoints firmly in view, but unable to discern the paths from common ancestors to their derived descendants. The evolution of fish-hunting behavior in venomous cone snails provides a counterexample; the evolutionary histories of their toxin-encoding genes record several key events that gave rise to the present diversity of fish-hunting lineages.
Many authors have suggested that changes in behavior (or other flexible phenotypes) would be expected to precede changes in physiology and structure, by enabling individuals to exploit a new adaptive opportunity in advance of the genetic changes that would later refine and extend the adaptation. This idea traces back at least to Baldwin [1896] , and by the end of the 20th century, it had given rise to rich literatures on topics such as phenotypic plasticity and genetic assimilation [reviewed by Crispo, 2007 Crispo, , 2008 . These 'Baldwin effect' processes are widely believed to promote evolutionary diversification, and instances of pres-ent-day plasticity are frequently used to illustrate how learning or other forms of phenotypic flexibility might lead to speciation and higher-order phenotypic divergence of entire lineages. But there appear to be few cases where those macroevolutionary consequences can be demonstrated. Here, we argue that fish-hunting cone snails provide some of the best opportunities to elucidate the role of behavior as a catalyst in the evolution of biochemical, developmental, physiological and ecological diversity.
The ancestors of modern cones hunted worms, as do many extant cone snail species. Increasingly, detailed phylogenetic reconstructions of the Conidae show that some prey specializations found within the family, such as hunting fish and other mollusks, evolved more than once and in some cases through multiple intermediate steps. The phylogenies also show how prey shifts evolved in concert with behaviors, venom delivery methods, venom pharmacologies and other traits. We review the history and diversity of the fish-hunting lineages and attempt to show how what they learned is connected with how they evolved. Because the peptide venoms of cone snails are encoded directly in their genomes, the histories of these key enabling technologies are relatively more straightforward to trace and define than in other lineages. And because cones have radiated so recently and explosively, and their hunting behavior can be observed in the field and even more closely in the laboratory, a sufficiently rich biological context is often available to permit reconstruction of multiple facets of the trajectory of change.
Fish-Hunting Conus : From Behavior to Biochemistry

Biodiversity of Fish-Hunting Cone Snails
The cone snails (family Conidae) [Röckel et al., 1995] are venomous, predatory gastropods comprising 750 described species, and of these, probably more than 100 hunt fish. All fish-hunting cone snails can be assigned to the genus Conus , which has been recently subdivided into 57 subgenera [Puillandre et al., 2014a, b] primarily based on molecular phylogenetic data (each well-supported lineage has been given subgenus rank). Based on available dietary data, members of eight subgenera feed primarily on fish. Type species of these putative piscivore lineages are shown in figure 1 ; additional species in each of the eight lineages are figured in the supplemental material (see www.karger.com/doi/10.1159/000438449 for all online suppl. material). The data on species diversity, molecular data and direct observations of fish hunting for each of the eight clades of piscivorous cones is summarized in table 1 . For three of the lineages (Chelyconus , Gastridium and Pionoconus) , there is a substantial literature documenting their piscivory, and our knowledge about fish-hunting cone snails has come primarily from species in these subgenera [Olivera, 2002] . There is far less published with respect to the piscivory of the other groups, including Phasmoconus , the most species-rich of the eight putative fish-hunting lineages ( table 1 ) .
The major adaptive radiation of fish-hunting cone snails has primarily occurred since the Miocene and is focused biogeographically in the Indo-Pacific region. However, one subgenus of piscivorous Conus , Chelyconus , occurs exclusively in the Panamic and tropical Atlantic regions.
Diversity of Behavior Linked to Prey Capture
Direct observations of piscivorous Conus species envenomating their prey revealed several distinct strategies. The first prey-capture behavior documented for piscivorous Conus in the literature [Kohn, 1956] is what we will call the 'taser-and-tether' strategy (previously referred to as the 'hook-and-line' or 'harpoon strategy' [Olivera, 2002] ). As with a taser, this strategy relies on electrical stunning power provided by venom components acting on the fish's nervous system. Once a piscivorous cone snail detects a fish (primarily through chemosensory cues), it becomes much more active and moves towards the fish. At some point, the snail extends its rostrum (a massive funnel formed by the muscular walls of the proboscis sheath in the anterior part of the head), and a long, thin, distensible proboscis is extended out of the rostrum ( fig. 2 ). For many fish-hunting Conus species, the proboscis can be greatly extended, typically several times greater than the length of the shell. When the proboscis tip is sufficiently close to potential prey, a harpoon-like radular tooth shoots out to pierce the skin of the fish.
Typically, the gastropod radula is a flexible membrane with multiple chitinous plates (or teeth) arranged in transverse rows. However, in cone snails, the radula has undergone a profound evolutionary change: the membrane is reduced and teeth are transformed into hollow harpoons, often barbed at their tips. At the moment of attack, the distal end of the tooth is grasped by strong circular muscles at the tip of the proboscis, the radular tooth is injected through the scales and skin of the fish, and venom is propelled through the hollow tooth -in effect it is an injection by hypodermic needle [Schulz et al., 2004; Salisbury et al., 2010] .
In Conus species that use the taser-and-tether strategy, the harpoon-like tooth is equipped with the strongly barbed accessory process that tethers the targeted fish securely. After a successful strike, the snail reels in the fish ( fig. 2 ) by the retracting proboscis until it can be completely engulfed by the rostrum, which in some species also Puillandre et al. [2014b] . Many of the assignments are 'best guesses' based on shell morphology. serves as a predigestion chamber. One to two hours after capturing the fish, the snail will typically regurgitate the fish scales and bones along with the harpoon-like tooth.
After a strike, the fish prey is almost immediately immobilized in a tetanic paralysis, with all of its fins fully extended. The fish is typically engulfed by the snail in this state (see online suppl. videos showing this prey-capture strategy). However, in a few cases, the fish recovered from the paralysis before it could be completely reeled into the rostrum and was able to break loose. When this happens, the cone snail always does a search, apparently expecting to find a paralyzed fish. The neurobiology underlying these behavioral observations will be detailed in the next section. The taser-and-tether strategy for prey capture. a-d A specimen of Conus catus envenomating its fish prey. The cone snail extends its yellowish proboscis towards the fish ( a ), subsequently strikes the fish ( b ) and immediately begins to retract its proboscis, and the fish is tethered through the radular tooth (see text). Within a few seconds, the fish is tetanically paralyzed with very stiff fins ( c ), and in this state, it is engulfed by the rostrum of the snail, where predigestion takes place ( d ). In approximately 2 h, the snail will regurgitate the scales and the bones of the fish, as well as the harpoon-like radular tooth that it used for injecting venom; all the softer parts of the envenomated fish go further down into the gut for complete digestion (taken from a video supplied by Prof. Jason Biggs, University of Guam). A very different 'net-engulfment' (or simply 'net') strategy is used to engulf several prey fish at once, much as a fishing net captures multiple fish. The net strategy has been observed in two closely related species, Conus geographus and Conus tulipa of the subgenus Gastridium Olivera, 2002; Olivera et al., 2014] . The behavior of these fish-hunting snails is strikingly different from the taser-and-tether strategy described above; after detecting a fish, instead of extending their proboscis, these snails open up their extremely large, cavernous rostrum ( fig. 3 ). They carefully approach the fish, directing the open end of the rostrum towards the potential prey. These two species always engulf the fish by the rostrum before venom is injected through the proboscis and radular tooth. Once the fish are completely engulfed within the rostrum of the snail, envenomation and predigestion take place. Invariably, these snails also regurgitate the scales and bones of the fish, as well as the radular tooth used for injecting venom.
It has been suggested that in the wild the net-engulfment strategy is primarily used to prey on schools of small fish hiding in reef crevices at night [Olivera, 2002] . This hypothesis is consistent with aquarium observations: these snails try to engulf multiple fish if available, whereas the taser-and-tether strategy used by other snails only targets one fish at a time. Thus, if a Conus species using the latter strategy misses its target, it usually does not attempt another strike within the same day. In contrast, after a fish is fed to C. geographus or C. tulipa , the snail is immediately prepared to engulf a second fish. In an aquarium, a specimen of C. geographus can be fed one fish after another, with the snail readily opening its rostrum As soon as these species detect a fish, they extend and greatly expand their rostrum towards the fish. C. tulipa has ciliary processes at the edges of its rostrum. The snails of both species always engulf the fish prey before they inject venom. Unlike the taser-and-tether strategy shown in figure 2, they do not extend their proboscis outside the rostrum to envenomate prey. The ability of C. geographus to engulf fish is in part due to the release of venom components into the water that cause both sensory deprivation and hypoglycemia (see text).
as the next fish is presented. Often a paralyzed fish can be seen deep within the rostrum of the snail, but this does not deter C. geographus from engulfing another fish. There are a number of morphological features of C. geographus that differentiate it from other Conus . It is the largest fish-hunting species, but it has the thinnest shell proportional to the total size of the animal. The lightweight shell allows the snail to be exceptionally agile; indeed, we have observed this species attaching itself to the shell of another C. geographus and lowering itself downwards in the water, much like a spider lowering itself on a silk thread. This is truly impressive to watch considering that it is a 6-inch-long snail and not a lightweight spider.
The third strategy, which we refer to as the 'strike-andstalk' strategy, has so far only been directly observed for Conus flavus of the subgenus Phasmoconus . In response to the presence of a fish, this species will extend its striped proboscis. The proboscis is flailed above the substrate ( fig. 4 ) , where it resembles the arm of a brittle star. When the proboscis is within striking distance of a fish, the mollusk very quickly strikes, injecting venom into the prey's tissues and immediately withdrawing the proboscis without tethering the envenomated fish. The mollusk follows the envenomated fish until its mobility becomes impaired. In one instance, the envenomated fish began to tremble, its body stiffened and it appeared unable to swim; it was then engulfed tail first by the snail that had stalked it.
Thus, there are at least three different types of behaviors observed so far, which are associated with fish hunting, which we will refer to as the taser-and-tether, netengulfment and strike-and-stalk strategies.
Neurobiological Mechanisms Underlying Prey-Capture Strategies
The neurobiological mechanisms underlying the taser strategy are well understood. In this strategy, two distinct physiological circuits of prey are targeted by venom components [Terlau et al., 1996; Olivera, 1997] . One set of venom components, known as the 'lightning-strike cabal', causes a massive depolarization of axons at the injection site and also inhibits the desensitization of postsynaptic receptors in peripheral sensory circuitry. This triggers an 'electrical storm' in the nervous system of the envenomated fish and, after a good strike, results in tetanic paralysis of the fish within seconds. A second group of toxins in the venom, known as the 'motor cabal', are disseminated through the body of the prey, presumably through the circulatory system of the fish. Together, the venom components of the motor cabal potently inhibit neuromuscular transmission, resulting in an irreversible paralysis of the skeletal musculature.
The taser-and-tether strategy has been the most widely observed in nature, with direct recordings for a diversity of Conus species, encompassing four different subgenera; these are shown in figure 2 . It was first characterized in Conus purpurascens , and studies on the venom of this species provided the first data on the underlying neurobiological mechanisms [Terlau et al., 1996] . As will be detailed later, the strategy is clearly widespread phyloge- The strike-and-stalk strategy for prey capture. Shown is a specimen of C. flavus envenomating its prey. Once the cone snail has detected the presence of a fish, it extends its strikingly striped proboscis and flails it around, resembling the arms of a brittle star. When the tip of the proboscis gets close to the fish, it stings the fish but does not tether it. After envenomating its prey, the snail, which was buried in ( a ), unburies itself and begins to follow the fish ( b ).
Once the fish is immobilized, the snail engulfs it completely ( c ). Two instances of envenomation were observed for C. flavus . In the first, there was apparently an insufficient amount of venom injected, and the snail followed the fish around for many minutes, but the fish never was completely immobilized. In the second, after envenomation, the fish was immobilized quickly upon envenomation and began to tremble and stiffen its musculature. The snail engulfed it from the tail first. These observations suggest that these snails have some components of the lightning-strike cabal (described in the text for the taser-and-tether strategy).
netically across the genus, encompassing multiple subgenera.
Although the net-engulfment strategy has been documented only in two species, C. geographus and C. tulipa , its molecular basis is also well studied. C. geographus is arguably the most intensively investigated of all Conus [Terlau and Olivera, 2004; Hu et al., 2012] . The special interest in C. geographus is a result of several dozen recorded human fatalities from its sting. It was the first cone snail venom investigated at a biochemical and molecular genetic level , and at present the behavior of the snail and the physiological effects and biochemical components of the venom can be integrated to provide a comprehensive description of the mechanisms that underlie the envenomation process.
C. geographus appears to be a highly specialized piscivorous Conus species that has evolved the ability to successfully capture multiple fish at one time, in contrast to species that use other strategies and can target only one fish at a time. By contrast with the taser-andtether strategy for which the venom is released only once, the Conus species which employ the net-engulfment strategy release venom components several times, and the composition of venoms released in the initial stage of feeding, and at its final stage, when the fish is injected, is different. A major innovation found in C. geographus venom (and probably in C. tulipa , though this is less well established) are the so-called 'nirvana cabal' components ( table 2 ), which make the fish seem sedated and dazed or disoriented, as if under the influence of narcotic drugs. This subset of venom components is highly expressed in the region of the venom duct closest to the pharynx [Safavi-Hemami et al., 2014] , and these are the very first components released as the snail stalks its prey.
Several toxins in the nirvana cabal ( table 2 ) are postulated to inhibit sensory circuitry, among them the conantokin that inhibits NMDA receptors Donevan and McCabe, 2000] and contulakin-G, an analogue of neurotensin [Craig et al., 1999a, b; Lee et al., 2015] ; both of these relatively small peptides are characterized by a high frequency of posttranslationally modified amino-acid residues. A most surprising component of the nirvana cabal, discovered only recently, is a specialized insulin that is smaller than any other known insulin and is most similar to the endogenous insulin of fish in its primary amino-acid sequence [Safavi-Hemami et al., 2015] .
In the initial stage of prey capture, the net-hunting snail approaches the fish and releases a selected subset of venom components directly into the water. Penetrating the fish circulatory system presumably by uptake through the gills, these secreted venom components cause disorientation and a hypoglycemic state in all fish that are in close proximity to the foraging cone snail. As the school of fish becomes both sensory deprived and hypoglycemic, the snail opens its rostrum and attempts to engulf one or several fish at a time. It appears to have a higher probability of success because the nirvana cabal venom components have acted on all of the fish in the school. After the fish are captured, the mollusk injects each individual fish as in the taser-and-tether strategy, but with one notable difference: the fish are not tethered. In these circumstances, with prey fish already engulfed and sedated, there is little risk of escape or struggle, and probably for this reason the radular tooth is not physically attached to the snail upon injection. Here, we see a striking example of how behavior, capturing fish with nets, correlates with loss of a physical structure, the tether, in addition to evolution of selective biochemical agents, the nirvana cabal conopeptides.
The injected venom of C. geographus contains the motor cabal components. Among the motor cabal conopeptides are some of the most well-characterized peptides from cone snail venoms, including ω-conotoxin GVIA Feldman et al., 1987; Yarotskyy and Elmslie, 2010] , which inhibits voltage-gated calcium channels at the presynaptic terminus, α-conotoxin GI [Gray et al., 1981; McManus and Musick, 1985] , which inhibits the postsynaptic nicotinic receptor, and μ-conotoxin GIIIA [Cruz et al., , 1989 , which inhibits voltage-gated sodium channels on the sarcolemma ( table 2 ) .
The strike-and-stalk strategy, recorded to date in a single species of Conus , remains the least studied. In behavioral aspects, it is obviously closer to the taser-and-tether strategy, as the prey is envenomated only once, prior to being engulfed. However, the detailed neurobiological mechanisms that underlie this strategy remain largely undefined (although it seems likely from the initial behavioral observations described previously that lightningstrike cabal components are involved).
Biochemistry, Pharmacology and Molecular Genetics
A record of events occurring during the evolution of hunting behaviors is partially preserved in the genes encoding venom components. The major components of cone snail venoms are disulfide-rich peptides, and specific examples for some of the venom components of C. geographus used to capture fish are shown in table 2 . The major-ity of these are relatively small peptides, with 12-30 aminoacid residues, and with 2-3 disulfide cross-links. Many of the peptides have unusual posttranslational modifications [Craig et al., 1999a, b] ; examples found in the C. geographus venom components shown in table 2 include γ-carboxyglutamate found in the conopeptide conantokin-G and Oglycosylated threonine in contulakin-G.
Each venom peptide is encoded by a specific gene in the cone snail genome, and these genes are specifically expressed (sometimes at very high levels) in the secretory cells that line the venom duct. The messenger RNAs encoding these peptides are conventionally translated by ribosomes. The initial translation product is a larger precursor, typically 70-100 amino-acid residues in length, with a well-defined signal sequence region, an intervening region, the propeptide, and, always in single copy, the mature toxin region at the carboxy-terminus. After translation, the precursor polypeptide crosses into the endoplasmic reticulum, and specific amino-acid residues in the mature toxin region may be posttranslationally modified. Ultimately, the mature peptide toxin is generated by proteolytic cleavage.
The genes that encode Conus venom peptides exhibit an unprecedented rate of accelerated evolution through a mechanism that has been referred to as 'focal hypermutation' Duda and Palumbi, 1999; Olivera et al., 1999; Conticello et al., 2000 Conticello et al., , 2001 , and each Conus species expresses its own distinct complement of venom peptides. This means that while particular venom peptide genes belonging to certain gene superfamilies are consistently distributed among several Conus lineages, the genes harbored by any given species are unique and not found in the exact same form in other, even closely related species. However, if the precursor sequences are compared across species, it is found that the signal sequences are remarkably conserved within a single gene superfamily, and the propeptide regions are more conserved than the mature toxin sequences Espiritu et Santos et al., 2004] , albeit not as conserved as the signal sequences. The diversity seen for mature venom peptides, contrasted by conserved propeptide and signal sequence regions, is analogous to the generation of molecular diversity for antibodies in the mammalian immune system, except that the toxin-encoding genes are fixed in the germline and not somatically generated. In this analogy, the conserved regions of the venom peptide precursors correspond to the constant regions of antibodies, including the signal sequence, the propeptide region and the cysteine residues of the mature toxin, which together determine the overall structure of the conopeptide by guiding which specific disulfide cross-links are established. The amino-acid residues located between cysteine residues correspond to the hypervariable region, and, analogous to antibodies, the variable residues determine target specificity and potency. In both cases, structure is conserved even as new binding specificity is rapidly generated
The classification of the conopeptides is based on the sequence of the conserved signal region; the set of gene products sharing the same signal sequences is assigned to one gene superfamily. A small number of gene superfamilies encoding venom peptides are highly expressed in all fish-hunting Conus species. In particular, the A, M and O1 gene superfamilies (see table 2 for an example of each) are predominant and account for the majority of highly expressed peptides found in the venoms of fish-hunting Conus . As noted above, this apparent biochemical uniformity disguises the great pharmacological diversity that has been generated within a single gene superfamily through the adaptive radiation of the fish-hunting Conus lineages.
It appears that each individual venom peptide has very specific targeting selectivity for a particular pharmacological site in the envenomated animal. One example of the precise biochemical interactions that provide both high affinity and high selectivity has been elucidated in a crystal structure of a conopeptide bound to its target receptor [Chen et al., 2014] . Biochemical determinants important for potency and selectivity of the venom peptides targeted to diverse nicotinic acetylcholine receptors have recently been reviewed .
Anatomy and Phylogeny
The Diversity of Harpoons in Fish-Hunting Cones: Anatomical Correlates of Individual Behavioral Strategies
The morphology of the hollow radular teeth used for venom injection varies considerably among fish-hunting Conus species and provides an important clue as to prey-hunting behavior. Figure 5 compares different radular tooth morphologies. The tooth proportions, tip morphology, and the position and extent of serration, all vary in different piscivorous Conus species, and many of these morphological features can be correlated with the different behavioral subclasses described above. Thus, individual species in the Conus subgenera that were shown to use the taser-and-tether strategy have strong radular teeth with a long accessory process, often bearing an additional barb that can tether fish securely after a successful strike ( fig. 5 a-d) [Duda et al., 2001; Schulz et al., 2004; Tucker and Tenorio, 2009] . In contrast, the larger species of Gastridium that employ a net strategy (C. geographus and C. tulipa) have needle-shaped harpoons with a narrow base and are very weakly barbed at their tip ( fig. 5 f) . Remarkably, the smallest Gastridium species, Conus obscurus , which employs the taser-andtether strategy, has a harpoon with a strong accessory process, similar to those in Chelyconus , Pionoconus and Textilia ( fig. 5 g, h) .
While the type of radular tooth with an accessory process is found in many species of the Phasmoconus clade (for example, Conus asiaticus , C. mucronatus and C. sertacinctus; fig. 5 d) , other Phasmoconus species, including the type species, Conus radiatus , have stouter harpoons that in proportions and tip weaponry rather resemble harpoons of worm-hunting Conus species ( fig. 5 e) .
Weakly barbed harpoons are found in species of the putative fish-hunting clades Asprella ( fig. 5 i) and Afonsoconus ( fig. 5j ), though these are completely different from the ones in larger Gastridium . Their morphology is hardly distinguishable from one another, and in overall structure they are closer to radulae of some vermivorous subgenera than to radulae of other groups of fish-hunting cones. Nonetheless, the phylogenetic analysis shown in figure 6 [Puillandre et al., 2014b] demonstrates a closer affinity of Afonsoconus to Textilia and Pionoconus .
Thus, a diversity of radular morphologies has been documented for two subgenera, Phasmoconus and Gastridium , establishing that the structure of radulae is not strictly correlated with the molecular phylogeny. Conversely, the described differences in radular morphology suggest an evolutionary flexibility and the adaptive potential of radula. Closely related Conus species may diverge rapidly in their radular morphology, presumably depending on changes in the hunting behavior that they employ. Conversely, distantly related fish-hunting species may develop strikingly similar radular teeth morphology convergently, if they evolve the same mechanism of prey capture, as is apparently the case for species in the Pionoconus and Chelyconus lineages.
Phylogeny and Plasticity in Prey-Capture Strategies
This discussion of behavior in a phylogenetic context is based on fragmentary data at the present time and is necessarily somewhat speculative. A pattern consistent with behavioral plasticity emerges if prey-capture strategies are considered in the context of known phylogenetic relationships. A comprehensive molecular phylogeny for the family Conidae has recently been published [Puillandre et al., 2014a] . The section of the published phylogenetic tree that contains the eight putative piscivorous Conus subgenera is detailed in figure 6 ; the available molecular phylogeny at the species level is shown in online supplementary figures 1-5. Several features of the tree are notable: some subgenera are species rich (such as Phasmoconus , with 75 assigned species), while other lineages appear to comprise only a few species ( Chelyconus and Afonsoconus , with only two species each). Although relationships between the subgenera are not definitively established, Chelyconus appears separate from all other putative piscivorous subgenera, with the IndoPacific worm-hunting lineage Virroconus as its sister taxon ( fig. 6 ; online suppl. fig. 5 ). For over 80 of the 134 species listed in these eight putative piscivorous subgenera by Puillandre et al. [2014b] , the assignments were based on shell or radular morphology, without supporting molecular information. As described above, direct behavioral observations on envenomation are completely lacking for three of the subgeneric groups, and even for the most species-rich clade (Phasmoconus), 68 use a net-engulfment strategy, while the smallest species (C. obscurus) uses the taser-and-tether strategy . Thus, a divergence in the prey-capture strategy in the subgenus Gastridium is securely based both on direct observation and divergence in radular morphology. If radular morphology is truly indicative of the preycapture strategy used, then it would appear that while species in Pionoconus , Chelyconus and Textilia use the taser-and-tether strategy exclusively, Phasmoconus , the subgenus with the largest number of species, may be heterogeneous. The only direct observations that have been made established that C. flavus uses the strike-and-stalk strategy ( fig. 4 ) . The radular morphology of many Phasmoconus species is consistent with a similar strategy, but, as described above, some Phasmoconus species have a radular morphology that suggests that they use the taserand-tether strategy. Thus, the heterogeneity in the morphology of the radular tooth makes it likely that, as in Gastridium , there is a corresponding heterogeneity in the prey-capture strategies employed by the ∼ 75 species of Phasmoconus .
Other indicators of which prey-capture strategy is employed are the components of the venom. Thus, conantokins that target vertebrate NMDA receptors have been postulated to be a major component of the nirvana cabal. Among the Conus species that hunt fish, these types of peptides were first characterized from the venoms of C. geographus and C. tulipa [Haack et al., 1990] , the two species that use the net-engulfment strategy. Conantokin peptides have been identified as prominent venom components in species of the Asprella clade [Twede et al., 2009; Gowd et al., 2010 Gowd et al., , 2012 . Although none of the species in this clade have been directly observed to envenomate fish, the high expression levels of conantokins in their venoms suggest that they may also use a net-engulfment strategy to prey on fish. The analysis of gut contents of one species, Conus sulcatus , provided direct evidence that this clade is indeed fish hunting [Kohn A., pers. commun.] .
Approaching Potential Prey: Diverse Solutions and Adaptations
A general challenge that all fish-hunting cone snails face is getting close enough to envenomate potential prey.
One common strategy appears to be to ambush fish at night as they hide from predators such as sharks. Many piscivorous cone snails have a very long, translucent proboscis that they can extend towards a fish hiding under a rock or in a hole in the coral reef. However, fish-hunting only one of 75 species has been observed to envenomate its fish prey.
The data suggest that within some of the piscivorous lineages of Conus , different prey-capture strategies have evolved. This is most well established in the Gastridium clade (online suppl. fig. 3 ), where the two largest species Fig. 6 . Phylogenetic tree. The portion of the Conus phylogenetic tree showing the eight subgenera believed to be fish hunting (in bold type). The subgenera indicated in dark triangles are confirmed to have at least one fish-hunting species from direct observation of envenomation. The triangles with stripes are the three lineages of putative fish-hunting cone snails where there has been no direct observation of prey capture. The white triangles are worm-hunting subgenera. The relationship of the piscivorous Conus lineages to molluscivorous and the most closely related vermivorous subgenera is shown. The numbers shown next to the fish-hunting lineages are the number of species in each lineage directly analyzed for molecular markers; the number in parentheses is the number of additional species in that lineage estimated by Puillandre et al. [2014a] ; for these additional species, no molecular data were available. For each of the fish-hunting subgenera, the shell of one species is shown: Asprella (Conus sulcocasteneus) ; Afonsoconus (C. kinoshitai) ; Textilia (Conus dusaveli) ; Pionoconus (Conus floccatus) ; Embrikena (Conus pergrandis) ; Gastridium (Conus eldredi) ; Phasmoconus (Conus blanfordianus) ; Chelyconus (C. purpurascens) . We also show an example of a species observed to hunt fish in the primarily worm-hunting subgenus Tesseliconus (C. tessulatus) .
cone snails vary considerably in the color of their proboscis. This diversity suggests that there may be selection for a specific color or pattern observed in a given cone snail species. Some of the diversity in the proboscis of cone snails is illustrated in figure 7 ; in the examples shown, all of the snails extended their proboscis in response to the introduction of a fish into the aquarium. As noted above, many cone snails have a translucent proboscis such as is shown for Conus tessulatus . In contrast, however, some of the other species have evolved a brightly colored or strongly patterned proboscis.
In some cases, color may actually help in making the extended proboscis more cryptic. Conus monachus has a deep black proboscis. This species tends to live on muddy substrates, and therefore the dark coloration could make the proboscis more difficult to detect as it is extended (as does its dark shell). As described above, the unique, strikingly striped proboscis of C. flavus may resemble the arms of a brittle star, disguising the proboscis in environments with many brittle stars. This might lead the fish to ignore it, allowing the snail to strike at a nearby fish. Although this is conjecture at this point, the evolution of such an unusual and striking pattern on the proboscis seems likely to have some adaptive advantage. The same type of general explanation has been suggested for the diverse patterns found on the shells of different Conus species ( fig. 1 ) ; the patterning may make them more cryptic against the background, facilitating their approach to fish without being detected (similar to the standard explanation for stripes on a tiger or spots on a leopard).
In a few cases, however, crypsis is clearly not the explanation. In an aquarium, C. purpurascens will extend its bright red proboscis, and the authors have observed a fish fig. 1,  6 ; table 1). C. flavus is in the subgenus Phasmoconus , while C. purpurascens is in the subgenus Chelyconus . C. tessulatus is not in one of the specialized fish-hunting subgenera; it belongs to the subgenus Tesseliconus , which is primarily worm hunting, but will opportunistically attack fish, although it is often unable to pierce fish skin (see text).
apparently mistaking the writhing red proboscis for a worm; as a consequence, the fish was harpooned in the mouth. Thus, bright coloration may be used to attract potential prey to striking distance. There are also observations suggesting that some species use venom components to attract their potential fish prey. In the field, certain species of fish have been seen swimming towards a Conus striatus [Poppe P., pers. commun.] , consistent with the cone snail using a chemical attractant.
Evolution
Integrating Behavior, Phylogeny, Molecular Genetics and Neurobiology to Reconstruct Evolution
The ease in obtaining transcriptomic and genomic sequences has led to a substantial database of molecular genetic information for an ever-increasing number of Conus species. This makes evolutionary reconstruction at a mechanistic level feasible. This will undoubtedly be a continuously changing story line, as more behavioral, neurobiological and molecular data are collected.
Diverse datasets are consistent with piscivorous Conus evolving from a worm-hunting ancestor. A specific evolutionary scenario supported by available molecular data is that there was a preadaptation in the vermivorous ancestor to fend off fish competitors for worm prey [Imperial et al., 2007; Olivera et al., 2014] . Several lines of evidence suggest that the ancestor that eventually gave rise to piscivory had evolved a venom component to elicit pain in fish competitors by increasing the activity of voltage-gated sodium channels in the appropriate sensory circuitry. This molecular weapon, called a δ-conotoxin, is conserved among all fish-hunting species and is also found in several mollusk hunters and worm-hunting species (see online suppl. material, section II). It acts to keep sodium channels in an open state by inhibiting their inactivation [Terlau et al., 1996; Espiritu et al., 2001; Aman et al., 2015] . The δ-conotoxin prepared these species for the jump to fish hunting.
It has been demonstrated that combining a δ-conotoxin with a second toxin, a blocker of voltage-gated potassium channels, triggers a massive depolarization of axons in the nervous system of the envenomated animal, resulting in the rapid onset of a tetanic paralysis [Terlau et al., 1996] . This is postulated to be the key molecular innovation in the evolution of piscivory: once a potassium channel blocker was recruited, the ancestral worm-hunting snail would not only deter fish competitors, it would have an immobilized fish in front of it, a potential prey item.
Opportunistic feeding on such a fish could be the behavioral trait that potentially triggered the evolution of fishhunting cone snail lineages [Imperial et al., 2007; Olivera et al., 2014] . These initial events were presumably followed by additional adaptations that improved the efficacy of prey capture. Once the pharmacological combination to keep sodium channels open and simultaneously block (or inhibit) potassium channels had evolved, morphological adaptations such as developing a radular tooth bearing a strong backward-barbed accessory process that would physically tether the envenomated fish would clearly increase the probability of successful prey capture.
How did the more complex taser-and-tether prey-capture strategies arise? The phylogenetic tree suggests that from the ancestral state that caused a rapid immobilization, the evolution of effective motor cabal components would further increase the probability of prey capture by guarding against the prey escaping if it recovered prematurely from the electrically induced tetanus, and this was strongly selected for in several lineages. A different scenario likely explains evolution of the net-engulfment strategy. Nirvana cabal components would allow some early ancestral piscivorous forms to successfully capture multiple fish -this could be the origin of a divergent lineage leading to the net hunters. The adaptive ability to almost instantly immobilize a single prey would, in this lineage, become overshadowed by selection for increasing the number of prey captured in one foray. Once fish could be made disoriented and hypoglycemic by nirvana cabal toxins, instead of maximizing the probability of success in capturing a single fish, there could now be a different trajectory for selection: to capture as many fish as possible at one time.
There may be intermediate states that have components of the nirvana cabal, the lightning-strike cabal and the motor cabal in their venoms, possibly in some of the species in the Phasmoconus or Asprella clades. However, in the Gastridium clade (which may be a specialized offshoot of Phasmoconus , as suggested, though not strongly supported statistically by the phylogenetic tree shown in fig. 6 ), there could have been a bifurcation from an ancestral founder in two directions. In smaller species of the Gastridium clade, an effective tethering strategy evolved, and extant species like C. obscurus taser and tether their fish prey. In the evolution of larger extant species, however, selection apparently tilted towards capturing as many fish as possible, leading to the specialized adaptations found in C. geographus that enable the snail to potentially capture an entire school of fish using the net strategy.
Interestingly, the molecular data strongly suggest that the events that initiated piscivory occurred more than once, a suggestion previously made in the literature [Duda et al., 2001; Espiritu et al., 2001; Duda and Palumbi, 2004] . On the basis of the phylogenetic tree shown in figure 6 , the most parsimonious scenario is that the transition from vermivory to piscivory happened twice. One event gave rise to Chelyconus , with a different set of events ultimately giving rise to the other seven clades of piscivorous cone snails found extant in the Indo-Pacific. The putative ancestral species are shown as two solid circles in the phylogenetic tree ( fig. 6 ). The resulting piscivorous lineages display convergence at the behavioral level and in certain morphological adaptations (e.g. the presence of a strongly barbed accessory process in their radular teeth). Nevertheless, except for the δ-conotoxins, which are conserved in the two lineages, strikingly divergent venom components are found that cause tetanic paralysis and neuromuscular block . The discovery that different toxin gene superfamilies have been employed for parallel neurobiological purposes (such as blocking voltage-gated potassium channels) in the Indo-Pacific and New World piscivorous lineages is consistent with the idea that the transition from vermivory to piscivory occurred independently in the ancestor of Chelyconus and again in the common ancestor of the other piscivorous lineages in the IndoPacific.
Fish-Hunting Cone Snail Species That Also Hunt Other Prey
If, as postulated in the preceding section, an intermediate state in the evolution of fish-hunting Conus species included both worm-hunting and opportunistic fish-eating behaviors, then we may expect to see generalist-type behavior in extant species. For two of the eight subgenera that we have discussed as primarily fish hunting ( Pionoconus and Gastridium ), the available evidence is consistent with all species in this subgenera being fish specialists; there is no documented evidence that these Conus species consume other prey. However, this is not the case for two other subgenera believed to be primarily fish hunting. Conus bullatus , the type species of the subgenus Textilia , has been reported to feed on mollusks as well as fish [McDowall, 1974 , as cited by Röckel et al., 1995 . At least in aquaria, C. purpurascens will eat earthworms when presented as potential prey [Mari F., pers. commun.] . Conus ermineus can apparently attack other mollusks; an octopus beak was recovered in the gut of this species [Kohn, 2014] .
Several Conus species that prey on fish belong to lineages that are primarily vermivorous. This was recently documented and described in detail for C. tessulatus [Aman et al., 2015] . C. tessulatus is a very efficient vermivore, but will attempt to envenomate fish opportunistically, albeit with very mixed success. These direct observations of attempts to envenomate fish are supported by the analysis of gut contents: both C. tessulatus and Conus eburneus , in the subgenus Tesseliconus , had fish bones in their guts and were previously reported to occasionally prey on fish [Kohn and Nybakken, 1975; Reichelt and Kohn, 1985] . In one specific instance, both fish bones and polychaete setae were found in the gut of a specimen of C. tessulatus [Kohn A., pers. commun.] . A specimen of Conus granulatus was reported to have regurgitated a puffer fish and a nereid polychaete after it was collected [Kohn, 2014] . Thus, there are scattered observations of some Conus species eating both fish and other prey from invertebrate phyla.
A unique example of a cone snail that preys on fish as well as other taxa is Californiconus californicus [Saunders and Wolfson, 1961; Kohn and Waters, 1966; Stewart and Gilly, 2005; Biggs et al., 2010] . This species has consistently been shown to be phylogenetically divergent from the majority of Conus species [Espiritu et al., 2001; Duda and Kohn, 2005] and has recently been assigned to a monospecific genus, Californiconus , based both on molecular data and anatomical criteria [Puillandre et al., 2014b] . When presented with a fish, individuals of C. californicus attempt to harpoon the fish, often succeeding even when the fish prey is larger than the cone snail. This species is the only cone snail observed to routinely hunt as a pack, whether the prey be a worm (their most frequently envenomated prey), another gastropod or even a shrimp [Biggs et al., 2010] . Among cone snails, this is a unique generalist carnivore.
Perspectives
Dietary shifts are central to the diversification of many animal groups including cone snails. Often they entail profound changes in many aspects of physiology, development and behavior. But seldom is it clear, from the evolved endpoints, how these changes were orchestrated and in particular how they were initiated. What were the events that set off cascades of reorganization, resulting in new ways of life embodied in groups of species that we now recognize as distinct clades and higher taxa? The fish-hunting cones appear to illustrate many of these steps, for example, through acts of opportunistic predation. In addition, their venom-based prey-capture techniques may allow what would otherwise be obscure portions of their ecological and developmental pathways of divergence to be reconstructed. By using behavioral observations in combination with molecular evolutionary, biochemical and pharmacological studies, information contained in present-day genome sequences can be exploited to more easily gain historical insights.
As was mentioned at the outset, cone snails are highly speciose, with much of their diversity only recently evolved. Thus ancestral character states can often be inferred, and there are often several independent derivations of a given syndrome, providing opportunities for comparisons that may support generalizations about the conditions that lead to certain kinds of specialization. A prime example is the lightning-strike cabal strategy to immobilize fish almost instantly into a rigid tetanic, paralytic state.
The discovery of 'weaponized insulin' also shows how combining evidence about physiology, behavior and the biochemistry of venom components may inform an evolutionary reconstruction. Evolving the ability to make fish hypoglycemic as a prey-capture strategy has certain strategic implications for prey capture. Somehow, the snail has to release the insulin before a fish becomes aware that the predator is present. Aquarium observations have shown how this is achieved by C. geographus , and pharmacological studies have revealed the other venom components which act together with the weaponized insulin to facilitate the capture of multiple fish. Recently, it has been shown that weaponized insulin is found in other lineages of fish-hunting cone snails [Safavi-Hemami et al., in preparation] . This discovery may ultimately provide insights into how these species have evolved their prey-capture strategies. Since the new evidence for weaponized insulin is for putative fish-hunting species that have never been directly observed, both the behavior and the broader physiological strategy are yet to be defined. The discovery of weaponized insulin in these species from other piscivorous lineages should provide more clear-cut insights into the evolution of the net-engulfment strategy of prey capture by fish-hunting snails.
There is persuasive evidence that venom components that prevent rapid inactivation of Na channels, the δ-conotoxins, were an ancestral trait on the evolutionary road to specialist piscivores. The fact that all fish-hunting species studied so far, even opportunistic fish-hunting species such as C. tessulatus , have δ-conotoxins as a venom component, strongly supports this venom component originating in worm-hunting ancestors. In contrast, the other essential venom component of the lightning-strike cabal, a toxin that blocks voltage-gated potassium channels, is lineage specific, with unrelated toxin gene families recruited for the same physiological function in each divergent lineage. Thus, the analysis of lightning-strike cabals in different lineages allowed a reconstruction of the evolution of the taser-and-tether strategy for capturing fish in different subgenera of Conus .
Cones have attracted scientific interest because of their rapidly evolving genetically encoded toxins that appear to be fixed characteristics of any given individual and species. However, the effective deployment of those toxins appears to demand flexible and even intelligent behavior. Are cone snails smarter than their ancestors? If so, could this be one of the keys to their ecological and evolutionary success? Perhaps more attention should be paid to the strategic dimensions of their ways of life and to the possibility that behavior drives toxin evolution just as much as toxins drive behavior.
